Abstract. Recent studies have discovered several microRNAs (miRNAs/miRs) as biomarkers for the prediction of ovarian cancer by detecting miRNA profiles in serum samples from healthy volunteers and patients with ovarian cancer. However, whether and how these miRNAs are involved in tumorigenesis is not known. In the present study, the expression of miR-665, a recently discovered biomarker for ovarian cancer, was upregulated in tumor tissues from patients with ovarian cancer compared with normal tissues. Inhibition of miR-665 inhibited cell proliferation ability and inactivated MAPK/ERK signaling of ovarian cancer cells. Using bioinformatics analysis, Src kinase signaling inhibitor 1 (SRCIN1) was predicted as a potential target gene of miR-665. Reverse transcription-quantitative PCR and western blotting showed that SRCIN1 expression was repressed by miR-665 in ovarian cancer cells. In addition, a dual luciferase activity assay showed that SRCIN1 was a target gene of miR-665. Silencing of SRCIN1 could reverse the cell growth arrest, which was induced by the miR-665 inhibitor. Moreover, miR-665 levels were negatively correlated with SRCIN1 mRNA levels in tumor tissues from patients with ovarian cancer. In conclusion, the present data suggested that miR-665 functioned as an oncogene in ovarian cancer by directly repressing the expression of SRCIN1.
Introduction
According to the global cancer statistics in 2018, ovarian cancer was the 8th most diagnosed cancer type and a leading cause of cancer-related death for women worldwide (1) . Surgical removal and chemotherapy are two current approaches to treat patients with ovarian cancer; however, the efficacy of these treatments is limited due to the development of drug resistance and recurrence of cancer (2, 3) . Although numerous previous clinical and experimental studies have provided novel insight into the molecular mechanisms of ovarian cancer, patients with advanced-stages of ovarian cancer still have a poor prognosis (4, 5) . There is an urgent need to further understand the molecular mechanisms of ovarian cancer for the development of targeted therapeutic strategies.
MicroRNAs (miRNAs/miRs) are small, non-coding, single-stranded nucleotides which are ubiquitously expressed in eukaryotic cells (6) . Mechanistically, miRNAs directly bind to the 3'untranslated region (UTR) of their target mRNAs, leading to the degradation of mRNA or inhibition of translation (7) . The expression of miRNA is tightly controlled in normal cells, for instance, dysregulation of several key miRNAs resulted in the disruption of cell signaling networks in human diseases, including cancer (8) (9) (10) . With microarray analysis, many differentially expressed miRNAs are detected between ovarian tumors and normal tissues (11, 12) . miRNAs are identified as tumor suppressors or oncogenes based on their potential prognostic predictor value (13) . For example, the expression level of miR-21 in serum was considered as a biomarker for the early detection and prediction of prognosis for patients with ovarian cancer in 2013 (14) . Later experimental studies demonstrated that miR-21 modulates drug sensitivity by targeting several key genes (15, 16) . Most recently, patients have been accurately diagnosed with ovarian cancer from the expression of 10 miRNAs, which is deemed as a diagnostic model (17) . However, how these miRNAs contribute to the progression of ovarian cancer is unknown.
The v-src avian sarcoma (Schmidt-Ruppin A-2) viral oncogene homolog (Src) is a well-characterized oncogenic tyrosine kinase that is frequently upregulated in cancer (18) . In ovarian cancer, activation of the Src signaling pathway is crucial for the epithelial-mesenchymal transition (EMT) process and in vivo tumor growth in nude mice (19) . Previous studies have demonstrated that Src is associated with the activity of MAPK/ERK signaling and PI3K/AKT signaling in cancer cells, which are pivotal for cell proliferation and survival (20, 21) . Src kinase signaling inhibitor 1 (SRCIN1) functions as a tumor suppressor via inactivation of Src in cancer (22) .
In the present study, miR-665 levels were upregulated in tumor tissues from patients with ovarian cancer compared with normal tissues. Inhibition of miR-665 inhibited cell proliferation and colony forming ability of ovarian cancer cells. SRCIN1 was predicted and validated as a target gene of miR-665. Silencing of SRCIN1 could reverse the miR-665 inhibitor-induced cell growth arrest. Moreover, miR-665 levels were negatively correlated with SRCIN1 mRNA levels in tumor tissues from patients with ovarian cancer.
In conclusion, the present data suggested that miR-665 functioned as an oncogene in ovarian cancer by directly repressing the expression of SRCIN1. The present results may provide novel insight into clinically relevant treatments for ovarian cancer.
Materials and methods
Collection of tumor and normal tissues. In total, 40 pairs of tumor tissues and normal tissues were collected from female patients (aged from 29 to 71 years, with a median age of 53 years) with ovarian cancer who underwent surgery at The Cancer Hospital Affiliated to Xinjiang Medical University during June 2015 to July 2018. Written consent was provided by all the participants before enrollment in the present study. Patients who received chemotherapy or radiotherapy prior to surgery were excluded. The Ethic Committee of Xinjiang Medical University approved the present study. The tumor tissues and normal tissues were collected during surgery removal, and were immediately snap-frozen in liquid nitrogen before RNA extraction and reverse transcription-quantitative PCR (RT-qPCR) were performed.
Cell culture. The human ovarian cancer cell lines SKOV3 and ES2 were purchased from The Type Culture Collection of The Chinese Academy of Sciences. All cell lines were cultured in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% FBS (HyClone; GE Healthcare Life Sciences) in a humidified incubator with 5% CO 2 . A normal human ovarian surface epithelial (HOSE) cell line was established by following a previously reported method (23) . Fresh ovarian scrapings obtained from patients during the surgery described above were immortalized with human papilloma virus 16 E6/E7 oncogenes. The cells were maintained in mammary epithelial cell growth medium (BulletKit™; Clonetics; Lonza Group, Ltd.) supplemented with 1% FBS (HyClone; GE Healthcare Life Sciences).
RNA extraction and RT-qPCR. Total RNA was extracted from the tissues of the patients and SKOV3 and ES2 cells using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.) following the manufacturer's protocol. RNA was reverse transcribed to first-stranded cDNA with PrimeScript™ First Strand cDNA Synthesis kit (Takara Bio, Inc.). The reverse transcription conditions were as follows: 37˚C for 15 min and 85˚C for 5 sec. RT-qPCR was performed with SYBR Premix Ex Taq (Takara Bio, Inc.) on a CFX96 Touch Real-time PCR Detection System (Bio-Rad Laboratories, Inc.). The thermocycling conditions were as follows: 95˚C for 30 sec, followed by 35 cycles of 95˚C for 5 sec and 60˚C for 30 sec. U6 and GAPDH served as internal controls for miRNA and mRNA, respectively. The relative expression of genes was calculated using the 2 -ΔΔCq method (24) . The primer sequences were as follows: SRCIN1-forward: 5'-GAG GCT CGC AAC GTC TTC TAC-3'; SRCIN1-reverse: 5'-GCG ATG CGT ACA CCA TCT CTC-3'; GAPDH-forward: 5'-GGA GCG AGA TCC CTC CAA AAT-3'; GAPDH-reverse: 5'-GGC TGT TGT CAT ACT TCT CAT GG-3'; stem-loop primer: 5'-CTC AAC TGG TGT CGT GGA GTC GGC AAT TCA GTT GAG AGG GGC C-3'; miR-665-forward: 5'-GCC GAG ACC AGG AGG CUG A-3'; miR-665-reverse: 5'-CTC AAC TGG TGT CGT GGA-3'; U6-forward: 5'-GCT TCG GCA GCA CAT ATA CTA AAA T-3'; and U6-reverse: 5'-CGC TTC ACG AAT TTG CGT GTC AT-3'.
Downregulation and upregulation of miR-665 in ovarian
cancer cells. miR-665 inhibitor (5'-AGG GGC CUC AGC CUC CUG GU-3'), miR-665 mimic (5'-ACC AGG AGG CUG AGG CCC CU-3') and the corresponding negative controls (miR-NC; 5'-UCG CUU GGU GCA GGU CGG GAA-3') were synthesized and purchased from Shanghai GenePharma Co., Ltd. SKOV3 and ES2 cells were seeded into each well of 24-well plates (2x10 5 cells per well) and were transfected with miR-665 inhibitor, miR-665 mimic, miR-NC inhibitor or miR-NC mimic at a concentration of 50 nM with Lipofectamine ® 3000 (Invitrogen; Thermo Fisher Scientific, Inc.) following the manufacturer's protocol, and maintained for 48 h before any subsequent experiments were performed.
Silencing of SRCIN1 in ovarian cancer cells.
Control siRNA and SRCIN1 siRNA were synthesized and purchased from Shanghai GenePharma Co., Ltd. The sequences were as follows: Control siRNA sequence: 5'-UUC UCC GAA CGU GUC ACG UTT-3'; and SRCIN1 siRNA sequence: 5'-CGG GAG AGA GGC AGG CUC UGU CGG AAT T-3'. For the silencing of SRCIN1, 50 nM SRCIN1 siRNA was transfected into SKOV3 and ES2 cells in 24-well plates (2x10 5 cells per well) using Lipofectamine ® RNAiMax (Invitrogen; Thermo Fisher Scientific, Inc.) following the manufacturer's protocol. After 48 h, the cells were collected for western blotting.
Western blotting. SRCIN1 (cat. no. ab244527; 1:1,000) and GAPDH (cat. no. ab8245; 1:5,000) antibodies were bought from Abcam. AKT (cat. no. 4685; 1:1,000), phosphorylated (p)-AKT (cat. no. 4060; 1:1,000), ERK1/2 (cat. no. 4695; 1:1,000) and p-ERK1/2 (cat. no. 4370; 1:1,000) primary antibodies were purchased from Cell Signaling Technology, Inc. HRP-conjugated secondary antibodies against rabbit (cat. no. SA00001-2; 1:10,000) and mouse (cat. no. SA00001-1; 1:10,000) were products of ProteinTech Group, Inc. Protein lysates were prepared from cells with RIPA lysis buffer (Sigma-Aldrich; Merck KGaA). The protein concentration was detected with a BCA Protein Assay kit (Pierce; Thermo Fisher Scientific, Inc.). For the western blotting, 20 µg protein was loaded on 8% gels and separated by SDS-PAGE. After electrophoresis, the proteins were transferred from SDS-PAGE gels to PVDF membranes. The membranes were then blocked in 5% non-fat milk at room temperature for 1 h. The membrane was subsequently incubated with the appropriate primary antibody at 4˚C overnight and the appropriate secondary antibody at room temperature for 2 h. The blots were developed with ECL western blotting substrate (Pierce; Thermo Fisher Scientific, Inc.). The images of blots were analyzed using ImageJ software version 1.6.0 (National Institutes of Health).
Cell proliferation assay. To determine the proliferation of cells, a Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc.) was used according to the manufacturer's protocol. In total, 10,000 cells were plated in each well of 96-well plates. At 48 h after transfection with miR-665 inhibitor or miR-NC inhibitor, 10 µl CCK-8 solution was added into the well and incubated for another 2 h. Afterwards, the medium was transferred to another new 96-well plate, and the absorbance at 450 nM was detected using a microplate reader to detect the cell proliferation.
Colony forming assay. The colony forming assay was performed in a standard procedure. A total of 2,000 cells were plated in each well on 6-well plates. After transfection with miR-665 inhibitor or miR-NC inhibitor with or without control small interfering RNA (siRNA) or SRCIN1 siRNA, the cells were incubated for 10 days to form cell colonies. The culture medium was discarded, and the cells were washed with PBS. The cells were fixed with 4% paraformaldehyde (Beijing Solarbio Science & Technology Co., Ltd.) for 1 h at room temperature. After that, the cell colonies were stained with Crystal Violet Staining Solution (Beyotime Institute of Biotechnology) for 20 min at room temperature. The staining solution was then discarded and the wells were washed with PBS. Images were captured using an inverted microscope in three random fields for each well (x10). The colony numbers were counted using ImageJ version 1.6.0 (National Institutes of Health).
Dual luciferase reporter assay. The full length of SRCIN1 3'UTR was amplified from SKOV3 cDNA with TransFast ® Taq DNA Polymerase (TransGen Biotech Co., Ltd.) and ligated into a pGL3 plasmid (Promega Corporation). The PCR conditions were as follows: 94˚C for 3 min, followed by 35 cycles of 94˚C for 5 sec; 55˚C for 15 sec and 72˚C for 10 sec. The primer sequences were: SRCIN1-forward: 5'-CTC TAG AAA GCC CCT CAC CCC GCTG-3'; SRCIN1-reverse: 5'-CTC TAG AGA AGG AGA UCC AGG AGA G-3'. A total of three site mutations were introduced into the pGL3-SRCIN1-wild-type (WT) plasmid to establish the pGL3-SRCIN1-mutant (Mut). miR-665 mimic or miR-NC (50 nM) in combination with 2 µg pGL3-SRCIN1-WT or pGL3-SRCIN1-Mut were transfected into cells with Lipofectamine ® 3000 and incubated for 48 h. The relative luciferase activity was detected with the Dual Luciferase Reporter assay system (Promega Corporation) according to the manufacturer's protocol. Firefly luciferase was normalized to Renilla luciferase.
Bioinformatic analysis. The potential target genes of miR-665 were predicted using TargetScan software V7.2 (http://www. targetscan.org/vert_72/).
Statistical analysis. All data were analyzed using GraphPad Prism 5.0 (GraphPad Software, Inc.) and are presented as the mean ± SD. Differences between two groups were compared with Student's t-test, and differences among three groups were compared with one-way ANOVA, followed by Newman-Keuls analysis. The association between SRCIN1 mRNA levels and miR-665 expression was analyzed with Pearson correlation analysis. P<0.05 was considered to indicate a statistically significant difference. All experiments were performed at least three times.
Results

miR-665 is upregulated in ovarian cancer tissues and cell lines.
To investigate the potential role of miR-665 in ovarian cancer, RT-qPCR was performed to detect the expression level of miR-665 in 40 pairs of tumor and normal tissues from patients with ovarian cancer. miR-665 expression was significantly upregulated in tumor tissues compared with normal tissues (Fig. 1A) . SKOV3 and ES2 are well-characterized ovarian cancer cell lines. Both of these commonly used ovarian cancer cell lines originated from ovarian clear cell carcinoma (25) . Furthermore, RT-qPCR was used to examine the difference in miR-665 expression level between ovarian cancer cell lines (SKOV3 and ES2) and the immortal ovarian epithelial HOSE cell line. The present results demonstrated that miR-665 was significantly upregulated in SKOV3 and ES2 cells compared with HOSE cells (Fig. 1B) .
Downregulation of miR-665 inhibits cell proliferation and colony forming ability of ovarian cancer cells.
To study the function of miR-665, miR-665 inhibitor was transfected into SKOV3 and ES2 cells to downregulate the miR-665 level, which was verified by RT-qPCR ( Fig. 2A) . Downregulation of miR-665 led to significant cell growth arrest in SKOV3 cells (Fig. 2B) . Consistently, the miR-665 inhibitor also significantly decreased the cell proliferation ability in ES2 cells (Fig. 2C) . In addition, miR-665 inhibition significantly inhibited the colony forming ability of SKOV3 and ES2 cells ( Fig. 2D and E) . The present data suggested that miR-665 promotes cell proliferation in ovarian cancer cells.
Downregulation of miR-665 inactivates the MAPK/ERK pathway in ovarian cancer cells.
Hyperactivation of the MAPK/ERK and the PI3K/AKT signaling pathways plays key roles in uncontrolled cell proliferation of ovarian cancer (20, 21) . The results of the western blotting showed that downregulation of miR-665 decreased the expression of p-ERK1/2 but not p-AKT (Fig. 3A) . Further analysis demonstrated that the p-ERK1/2 to ERK1/2 ratio was significantly decreased in cells transfected with miR-665 inhibitor (Fig. 3B) , suggesting the inactivation of MAPK/ERK signaling. However, the p-AKT/AKT ratio was not affected (Fig. 3C) . The present data suggested that miR-665 might promote ovarian cancer cell proliferation via activation of MAPK/ERK signaling.
miR-665 represses SRCIN1 expression in ovarian cancer cells.
TargetScan was used to predict the potential target genes of miR-665. Among them, the 3'UTR of SRCIN1, a negative regulator of MAPK/ERK signaling (22) , was identified to harbor binding sites for miR-665 (Fig. 4A) . The western blotting results demonstrated that the downregulation of miR-665 significantly increased the protein expression level of SRCIN1 in SKOV3 and ES2 cells (Fig. 4B and C) . Furthermore, the results of RT-qPCR demonstrated that miR-665 inhibition significantly increased the mRNA expression level of SRCIN1 in SKOV3 and ES2 cells (Fig. 4D ).
SRCIN1 is a target gene of miR-665 in ovarian cancer cells.
To further demonstrate SRCIN1 as a target gene of miR-665, a dual luciferase reporter assay was performed. As presented in Fig. 5A , the transfection of miR-665 mimic increased miR-665 expression in ovarian cancer cells. Overexpression of miR-665 reduced the relative luciferase activity of SKOV3 cells that were transfected with SRCIN1 3'UTR-WT (Fig. 5B) . A consistent result was observed in ES2 cells (Fig. 5C ). The present data demonstrated that SRCIN1 was a target gene of miR-665 in ovarian cancer cells.
miR-665 regulates cell proliferation via regulation of SRCIN1
in ovarian cancer cells. SRCIN1 siRNA was used to study the role of SRCIN1 in miR-665 mediated cell proliferation of ovarian cancer cells. SRCIN1 siRNA significantly decreased SRCIN1 protein expression in SKOV3 cells (Fig. 6A and B) . Additionally, transfection of miR-665 inhibitor significantly increased the SRCIN1 protein level in SKOV3 cells, which was significantly decreased upon transfection of SRCIN1 siRNA ( Fig. 6C and D) . The cell proliferation assay showed that miR-665 downregulation significantly inhibited cell proliferation of SKOV3 cells, which was reversed after SRCIN1 silencing (Fig. 6E) . In the colony forming assay, the miR-665 inhibitor significantly repressed the colony forming ability, which was reversed after SRCIN1 silencing in SKOV3 cells (Fig. 6F) , suggesting that SRCIN1 is involved in miR-665-mediated cell proliferation of ovarian cancer cells.
Negative correlation between miR-665 expression and SRCIN1 mRNA levels in tumor tissues from patients with ovarian cancer. To study the clinical association between miR-665 and SRCIN1, RT-qPCR was applied for the detection of SRCIN1 mRNA levels in 40 pairs of normal and tumor tissues collected from patients with ovarian cancer. SRCIN1 mRNA levels were significantly decreased in tumor tissues compared with normal tissues (Fig. 7A) . Notably, a significant negative correlation was observed between SRCIN1 mRNA levels and miR-665 expression (Fig. 7B) .
Discussion
Due to their involvement in the regulation of sustained cell growth signaling, miRNAs are considered as potential biomarkers and therapeutic targets for cancer (26) . By analyzing the comprehensive miRNA profiles of samples from volunteers and patients with ovarian cancer, 10 miRNAs were identified as accurate predictors for the early detection of ovarian cancer (17) . Among them, miR-320a was identified as a tumor suppressor of ovarian cancer by targeting twist family bHLH transcription factor 1 and MAPK1 (27, 28) . In the present study, miR-665 promoted ovarian cancer cell proliferation by targeting SRCIN1, which activated MAPK/ERK signaling.
The role of miR-665 in cell proliferation is cell context dependent. During the development of intervertebral disc degeneration, the miR-665 level gradually increased to repress the expression of growth differentiation factor 5, thus promoting the cell proliferation of nucleus pulposus cells (29) . In osteosarcoma cells, ectopic expression of miR-665 suppressed cell proliferation, migration and invasion by targeting Ras-related protein Rab-23 (30) . The expression of miR-665 in tumor tissues and normal tissues from patients with ovarian cancer was analyzed, and was upregulated in tumor tissues compared with the normal tissues, which was also observed in two ovarian cancer cell lines compared with the immortal ovarian cancer cell line. These results of miR-665 are consistent with its role in discriminating patients with non-epithelial ovarian cancer from non-cancer controls (17) . Furthermore, inhibition of miR-665 significantly inhibited cell proliferation and colony formation of ovarian cancer cells, which further validated the oncogenic role of miR-665 in ovarian cancer.
MAPK/ERK signaling is a well-studied driver of cancer initiation and development (31) . In ovarian cancer, sustained activation of MAPK/ERK signaling is associated with strong cell proliferation, metastasis and stemness ability (32) . Dysregulation of positive and negative regulators is responsible for the uncontrolled activation of the MAPK/ERK pathway (33) . The present western blotting results showed that the MAPK/ERK pathway was inactivated after miR-665 inhibition, suggesting that miR-665 might promote cell proliferation via activation of MAPK/ERK signaling. Among several potential target genes of miR-665 predicted using TargetScan, SRCIN1, a negative regulator of MAPK/ERK signaling, was identified. Previous studies demonstrated that SRCIN1 was involved in the progression of cancer; including gastric cancer and breast cancer; SRCIN1 was targeted and repressed by miR-374a and miR-346, respectively (34, 35) . The present study demonstrated that miR-665 acted as a new miRNA regulator of SRCIN1 in ovarian cancer, which was verified by the following results: Inhibition of miR-665 increased SRCIN1 at the mRNA and protein levels in ovarian cancer; and miR-665 mimic significantly reduced the luciferase activity of cells transfected with SRCIN1 3'UTR-WT. The present study further demonstrated that silencing of SRCIN1 could reverse miR-665-inhibitor-induced cell growth arrest, suggesting that SRCIN1 may be important for the function of miR-665 in ovarian cancer.
The current study showed overexpression and the role of miR-665 in ovarian cancer in vitro. The molecular mechanism by which miR-665 is aberrantly expressed in ovarian cancer requires further investigation using both in vitro and in vivo models.
In conclusion, the present study showed that miR-665 functioned as an oncogene by targeting SRCIN in ovarian cancer cells, providing rationale for using the miR-665 level as a predictor of ovarian cancer.
